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Vanderbilt University Medical Center, Nashville, TennesseeABSTRACT KCNQ3 homomeric channels yield very small macroscopic currents compared with other KCNQ channels or
KCNQ2/3 heteromers. Two disparate regions of the channels—the C-terminus and the pore region—have been implicated in
governing KCNQ current amplitudes. We previously showed that the C-terminus plays a secondary role compared with the
pore region. Here, we confirm the critical role of the pore region in determining KCNQ3 currents. We find that mutations at
the 312 position in the pore helix of KCNQ3 (I312E, I312K, and I312R) dramatically decreased KCNQ3 homomeric currents
as well as heteromeric KCNQ2/3 currents. Evidence that these mutants were expressed in the heteromers includes shifted
TEA sensitivity compared with KCNQ2 homomers. To test for differential membrane protein expression, we performed total
internal reflection fluorescence imaging, which revealed only small differences that do not underlie the differences in macro-
scopic currents. To determine whether this mechanism generalizes to other KCNQ channels, we tested the effects of analogous
mutations at the conserved I273 position in KCNQ2, with similar results. Finally, we performed homology modeling of the pore
region of wild-type and mutant KCNQ3 channels to investigate the putative structural mechanism mediating these results. The
modeling suggests that the lack of current in I312E, I312K, and I312R KCNQ3 channels is due to pore helix-selectivity filter
interactions that lock the selectivity filter in a nonconductive conformation.INTRODUCTIONIn the mammalian brain, voltage-gated KCNQ channels are
key determinants in the regulation of neuronal resting mem-
brane potentials, action potential duration, firing patterns,
and neurotransmitter release (1). In neurons, KCNQ1-5
subunits underlie Kþ currents with divergent macroscopic
current amplitudes. Thus, there is a 10-fold difference in
whole-cell current between KCNQ3 homomers and
KCNQ4 homomers, or KCNQ2/3 heteromers (2,3). Two
mechanisms have been postulated to underlie the KCNQ3
homomeric currents, which are small compared with other
KCNQ homomers and KCNQ2/3 heteromers. The first
involves differential channel expression, governed by the
assembly domain of the distal C-terminus (4). The second
suggests similar expression of KCNQ channels but a
KCNQ3 pore that is particularly unstable (5,6).
Here, we further investigated the molecular determinants
in KCNQ3 that are responsible for its small current, focusing
on the pore helix-selectivity filter (SF) region. A number of
lines of evidence support the idea that a network of interac-
tions between the pore helix and the SF has a crucial effect
on the gating of a number of Kþ channels. Thus, the
D378E point mutant in the pore helix of Kv2.1 affects its
single-channel behavior (7). Moreover, mutations in the SF
and pore helix of Shaker, hERG, and inward rectifiers also
have effects on gating properties (8–11). InKCNQ3, replace-
ment of an alanine (A315) in the pore helix of KCNQ3 with
a hydrophilic threonine or serine increases current ampli-
tudes by >15-fold (5,6,12). We previously suggested thatSubmitted December 10, 2011, and accepted for publication April 6, 2012.
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SF in an open configuration mediated by a network of inter-
actions between the lower part of the SF and the pore helix
(I312 and A315T/S) (6). Cordero-Morales et al. (13,14)
and Chakrapani et al. (15) showed that a single mutation in
KcsA (E71), which is at the position equivalent to I312 in
KCNQ3, to an alanine or an isoleucine leads to a disruption
of the interaction between D80 and W67, stabilizing the SF
in a conductive conformation by preventing an inactivation,
likened to C-type inactivation in eukaryotic Kþ channels,
from occurring. Interestingly, a study involving homology
modeling of KCNQ3 suggested that a similar interaction
occurs between the equivalent residues (D321 and W308)
in KCNQ3 (6). Taken together, these studies suggest that
a similar network of interactions between the pore helix
(I312) and the SF may be involved in KCNQ3 gating. The
interactions of our earlier model clearly predict that I312 is
critical for SF stabilization and channel permeation.
To test this prediction, we studied the effect of a series of
mutations at the 312 position on KCNQ3 channels and the
conserved I273 position in KCNQ2. Our results show that
the hydrophilic substitutions I312/273E, I312/273K, and
I312/273R dramatically decrease homomeric KCNQ3 or
KCNQ2 current amplitudes, as well as those from hetero-
meric KCNQ2/3 channels, whereas substitution by a hydro-
phobic valine has no effect. Wild-type (WT) and mutant
KCNQ3 surface expression were studied by total internal
reflection fluorescence (TIRF) microscopy, and the results
show that the decrease of current amplitude by the pore
region mutations results in only small differences in
membrane expression of channels that do not underlie the
differences in macroscopic current amplitudes. Finally, wedoi: 10.1016/j.bpj.2012.04.018
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to understand the possible molecular mechanisms involved
in the effect of the pore mutations. This homology modeling
predicts that the decrease of current in KCNQ3 (I312E),
(I312K), and (I312R) is due to electrostatic interactions
between the top of the SF and the pore helix, which lock
the channel in a nonconductive conformation. Our results
suggest that a network of interactions between the pore helix
and the SF controls KCNQ3 current amplitudes.MATERIALS AND METHODS
For details about the materials and methods used in this work, see the
Supporting Material.RESULTS
Hydrophilic residues at position 312 have
dramatic effects on homomeric KCNQ3 currents
In a previous study (6), we showed that mutation of the
A315 to a hydroxyl-containing residue, such as a threonineBiophysical Journal 102(11) 2489–2498or a serine, increased macroscopic current amplitudes
by ~15-fold over WT KCNQ3 channels, representing a
25-fold increase in the density of functional channels. In
that study, a homology model of the pore of KCNQ3 pre-
dicted critical interactions between the pore helix and the
SF, involving hydrogen (Hþ)-bonds between the carbonyl
oxygen atom of I312 and the SF. In WT KCNQ3 channels,
this carbonyl is free to rotate, and the critical bonds it is pre-
dicted to make with SF residues are consequently unstable.
However, the presence of the hydroxyl group of the threo-
nine in the 315 position stabilizes the position of the
carbonyl of I312 via an additional Hþ-bond with the
hydroxyl, preventing the SF structure from locking closed.
Most voltage-gated Kþ channels have a hydrophobic
residue at the analogous 312 position (Fig. 1 A), except
for KcsA, which possesses a hydrophilic glutamate. To
further investigate whether I312 is involved in the mecha-
nism underlying KCNQ3 pore stability, we studied the
effects of several mutations at this position. Chinese hamster
ovary (CHO) cells were transiently transfected with cDNA
coding for the appropriate channels, along with EGFP as a
reporter for successful transfection. Fig. 1 B shows currentsFIGURE 1 Effects of mutations located in the
pore region on KCNQ3 currents. (A) Sequence
alignment of the pore region investigated in this
study. Shown from the pore helix to the proximal
part of the sixth transmembrane domain (S6) is
an alignment of KCNQ1-4, Shaker, KcsA, and
KvAP. Blue and red indicate residues at positions
312 and 315, respectively. Yellow and orange indi-
cate residues at positions 308 and 321, respec-
tively. (B) Representative perforated patch-clamp
recordings from CHO cells transfected with WT
KCNQ3, KCNQ3 (I312E), KCNQ3 (I312K),
KCNQ3 (I312R), KCNQ3 (I312V), and KCNQ3
(A315T). As shown in the inset, cells were held
at 80 mV and voltage steps were applied from
80 to 60 mV in 10 mV increments. (C) Bars
show summarized current densities at 60 mV for
the indicated channel under perforated patch-
clamp (n ¼ 8–13; ***p < 0.001).
FIGURE 2 Effects of mutations located in the pore region on KCNQ2/3
currents. (A) Representative perforated patch-clamp recordings from CHO
cells transfected with KCNQ2 þ KCNQ3 (WT or mutants). The pulse
protocol used is as described in Fig. 1. (B) Bars show summarized current
densities at 60 mV for the indicated channel (n ¼ 7–13; ***p < 0.001). (C)
Voltage dependence of activation quantified by the normalized amplitude of
the tail currents at 60 mV, plotted against the test potential (n ¼ 7–12).
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subunits or from subunits with the I312E, I312K, I312R,
I312V, and A315T mutations. Consistent with previous
work (6), the A315T mutation in KCNQ3 strongly increased
the current density by nearly 13-fold relative to WT KCNQ3
from 13.55 1.2 pA/pF (n¼ 13) to 1695 8 pA/pF (n¼ 11,
p < 0.001; Fig. 1 C). The I312K and I312R mutations both
dramatically decreased the current density (Fig. 1 C). For
cells transfected with KCNQ3 (I312K) and KCNQ3
(I312R) channels, the current densities at 60 mV were
1.65 1.2 pA/pF (n ¼ 10, p < 0.001) and 3.35 0.5 pA/pF
(n ¼ 8, p < 0.001), respectively (Fig. 1 C). The I312K and
I312R mutations involve substitution of a large hydrophobic
residue with a bulky hydrophilic residue. To determine
whether side-chain size or hydrophobicity is more impor-
tant, we also tested the effect of mutating I312 to either
glutamate or valine. The former substitution maintains a
large side-chain size but is hydrophilic, whereas the latter
maintains hydrophobicity but decreases its side-chain size
by one methyl group. We found that the I312E mutation
also resulted in a dramatically decreased current density
(2.55 0.3 pA/pF, n ¼ 8, p < 0.001) similar to the decrease
seen in the I312K and I312R mutations. In contrast, the
I312V mutation resulted in a current density (10.1 5
3.7 pA/pF, n ¼ 10; Fig. 1, B and C) similar to that of WT
KCNQ3. These results suggest that a hydrophobic residue
at this position is important for conferring WT current
amplitudes. For KcsA, replacement of a glutamate at posi-
tion 71 with a hydrophobic residue (alanine, valine, or
isoleucine) leads to the stabilization of the SF in a conduc-
tive conformation (13,14), suggesting that a similar mecha-
nism may be involved. Due to the small amplitude of all
homomeric KCNQ3 currents, except for the A315T mutant,
we were not able to assess changes in channel voltage
dependence induced by the I312 mutants; however, we do
make such assessments below for the heteromeric channels
and for I312 mutants made in the KCNQ3 (A315T)
background.Hydrophilic residues at position 312 in KCNQ3
also reduce current amplitudes from heteromeric
KCNQ2DQ3 currents
We then studied whether KCNQ3 (I312E, I312K, and
I312R) mutant subunits coexpressed with WT KCNQ2
would yield smaller currents than those from KCNQ2þWT
KCNQ3. Fig. 2 A shows representative currents from the
indicated channels. Coexpression of KCNQ3 (I312E) with
KCNQ2 decreased the current density by nearly threefold
relative to KCNQ2 þ WT KCNQ3, from 92 5 7 pA/pF
(n ¼ 12) to 33 5 4 pA/pF (n ¼ 7; Fig. 2 B). The current
densities from KCNQ2þKCNQ3 (I312K) and KCNQ2 þ
KCNQ3 (I312R) were even more reduced, to 3.7 5
0.7pA/pF (n ¼ 7, p < 0.001) and 1.5 5 0.3 pA/pF (n ¼
13, p< 0.001), respectively (Fig. 2 B). These results suggestthat the effect of these three mutations from a hydrophobic
to hydrophilic residue in KCNQ3 subunits decreases
currents when they are present as heteromers with
KCNQ2, as well as when they are homomeric. On the other
hand, coexpression with KCNQ2 of KCNQ3 (I312V),
which did not reduce homomeric currents, also did not
significantly decrease the current density when they were
expressed as heteromers (76 5 7 pA/pF, n ¼ 9; Fig. 2 B).
To assay changes in the voltage dependence of activation
of the heteromeric channels induced by these mutants, we
performed a tail current analysis in which the amplitude
of the tail current at 60 mV was quantified as a function
of the prepulse potential (Fig. 2 C). We found that none of
the KCNQ3 mutants significantly changed the voltage
dependence of activation compared with the WT hetero-
mers. For cells transfected with KCNQ2 þ WT KCNQ3,
KCNQ2 þ KCNQ3 (I312E), and KCNQ2 þ KCNQ3
(I312V), the half-activation potentials were 30 5 3 mV
(n ¼ 12), 315 3 mV (n ¼ 7), and 285 3 mV (n ¼ 9),
respectively. In these coexpression experiments, we needed
to confirm that both KCNQ2 and KCNQ3 (WT or mutant)Biophysical Journal 102(11) 2489–2498
FIGURE 3 TIRF microscopy indicates that pore region mutations result
in only small differences in membrane expression of channels. (A) Shown
are fluorescent images under TIRF microscopy of CHO cells expressing the
indicated YFP-tagged channels. In all cases, CHO cells were transfected
with a total of 2 mg cDNA. The emission was quantified as the mean pixel
intensity over the surface area of the cell. (B) Bars show summarized data
for each channel type (n ¼ 43–131; ***p < 0.001).
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i.e., that the changes in current densities observed were not
due to omission of KCNQ3 subunits and expression of only
KCNQ2 homomers. To verify this, we exploited the very
different sensitivity of KCNQ2 homomers, KCNQ3 homo-
mers, and KCNQ2/3 heteromers to external tetraethylam-
monium ions (TEAþ) (16,17). Thus, KCNQ2 homomers
are substantially blocked at 0.1 mM TEAþ, with almost
full block at 1 mM, whereas KCNQ3 homomers are negli-
gibly blocked at 1 mM and less than half blocked at
100 mM TEAþ, with KCNQ2/3 heteromers displaying an
intermediate TEAþ sensitivity. We determined the TEAþ
sensitivity for each group of coexpressed subunits. TEACl
was applied over a range of concentrations, and the block
of the currents was quantified at 20 mV. Our previous
work indicated that coexpressed KCNQ2 þ KCNQ3 or
KCNQ3 þ KCNQ4 subunits coassemble with a random
stoichiometry governed by the binomial distribution
(16,18). Because the resulting dose-response curves are
somewhat complex, we approximated the sensitivity by
fitting the data to a single Hill equation, which is sufficient
to clearly distinguish between homomeric and heteromeric
currents. Coexpression of KCNQ2 and KCNQ3 (I312E)
produced currents with a TEAþ sensitivity intermediate
between KCNQ2 and KCNQ2 þ WT KCNQ3, whereas
the dose-response curve for KCNQ2 þ KCNQ3 (I312V)
was unchanged (Fig. S1). Because the predicted IC50 values
for channels with two KCNQ2 and two KCNQ3 subunits are
higher than those for channels with three KCNQ2 and one
KCNQ3 subunits (16), the slightly higher TEAþ sensitivity
of KCNQ2 þ KCNQ3 (I312E) could be due to a skewed
stoichiometry of KCNQ2 subunits in the KCNQ2 þ
KCNQ3 (I312V) heteromers. Alternatively, the I312V
mutation could alter the TEAþ sensitivity of KCNQ3. How-
ever, we conclude that both KCNQ3 (I312E) and (I312V)
are substantially expressed as heteromers with KCNQ2.Small differences in plasma-membrane
expression of KCNQ3 mutant channels do not
explain the effect of pore-region mutations on
current amplitudes
We then wished to determine whether the dramatic decrease
in the current density of KCNQ3 (I312E), KCNQ3 (I312K),
and KCNQ3 (I312R) homomers is due to a decrease in the
abundance of channels present in the membrane. To answer
this question, we measured the plasma-membrane expres-
sion of WT and mutant KCNQ3 by using TIRF microscopy,
which isolates emissions from fluorophores in or within
300 nm of the membrane (19). Yellow fluorescent protein
(YFP)-tagged WT and mutant KCNQ3 were expressed in
CHO cells and TIRF images of the various groups of cells
were obtained. Fig. 3 A shows representative images of cells
transfected with YFP-tagged WT or mutant KCNQ3 chan-
nels. The emission was quantified as mean pixel intensityBiophysical Journal 102(11) 2489–2498over the surface area of the cell. The data are summarized
in Fig. 3 B, revealing only minor differences in membrane
expression between KCNQ3 WT and the KCNQ3 I312E,
I312R, and I312V mutants. These small differences in
surface expression are >10-fold too small to underlie the
large difference in the current densities of the WT and
mutant KCNQ3 channels. We conclude that the differential
membrane abundance of channel protein does not underlie
the differences in macroscopic current amplitudes.
Findings from our laboratory suggest that the increase of
KCNQ3 current density by A315T or A315S mutations
may be due to a stabilization of the SF into a conductive
conformation rather than to an increase of expression
at the plasma membrane (6), which is somewhat contrary
to a recent publication (12). To revisit this question,
we again compared the membrane expression of KCNQ3
WT and mutant (A315T) channels via TIRF microscopy,
and obtained similar results. Indeed, although the currents
from KCNQ3 (A315T) channels are much larger than those
from WT KCNQ3, the TIRF emission from the former was
~2-fold lower than the latter (Fig. 3 B). This is divergent
from the results of Go´mez-Posada and co-workers (12),
who observed a twofold increase in the number of YFP-
tagged WT KCNQ3 channels at the plasma membrane
when coexpressed with KCNQ3 (A315T), assayed by
TIRF microscopy. However, we would point out that such
a small increase also cannot explain the ~15-fold increased
current density induced by the A315T mutation. In conclu-
sion, we find that the A315T mutation only weakly affects
the number of KCNQ3 channels at the plasma membrane,
Pore Rearrangements in KCNQ3 Channels 2493whereas the current density is dramatically increased. The
data presented here reinforce the conclusion that the
A315T mutation does not increase current amplitudes by a
correlative increase in the expression of channels in the
membrane.Hydrophilic residues at position 312 also strongly
decrease KCNQ3 (A315T) currents
We previously suggested that augmentation of functional,
conductive KCNQ3 channels is made possible by an interac-
tion between the hydroxyl group of a substituted hydrophilic
threonine or serine at the 315 position and the carbonyl
oxygen of the isoleucine at the 312 position, which stabi-
lizes the SF in a conductive conformation (6). Because all
amino acids possess such a carboxylate group, one might
think this interaction should be impervious to substitution.
To test this, we examined the effect of substitution of I312
by arginine, glutamate, lysine, or valine in the KCNQ3
mutant (A315T) background. However, the effects of these
mutations on current amplitudes were strikingly different
and depended on the nature of the residues. The positively
charged I312K and I312R mutations in the A315T back-
ground nearly abolished the currents, and the negatively
charged I312E substitution strongly decreased the current
density (Fig. 4, A and B). For cells transfected withFIGURE 4 Effects of mutations at position 312 on KCNQ3 (A315T)
currents. (A) Representative perforated patch-clamp recordings of the
KCNQ3 (A315T), KCNQ3 (I312E-A315T), KCNQ3 (I312K-A315T),
KCNQ3 (I312R-A315T), and KCNQ3 (I312V-A315T) channels. The pulse
protocol used is as described in Fig. 1. (B) Bars show summarized current
densities at 60 mV for the indicated channel (n¼ 8–14; *** p< 0.001). (C)
Voltage dependence of activation quantified by the normalized amplitude of
the tail current at 60 mV, plotted against the test potential (n ¼ 7–13).KCNQ3 (A315T), (I312E-A315T), (I312K-A315T), and
(I312R-A315T) subunits, the current densities at 60 mV
were 168 5 6 pA/pF (n ¼ 14), 14 5 2 pA/pF (n ¼ 12,
p < 0.001), 2.3 5 0.2 pA/pF (n ¼ 13, p < 0.001), and
2.65 0.4 pA/pF (n ¼ 8, p < 0.001), respectively (Fig. 4 B).
In contrast, substitution of I312 with a hydrophobic valine
had no significant effect on the KCNQ3 (A315T) current
density (176 5 20 pA/pF, n ¼ 14). We again analyzed the
effects of these mutants on the voltage dependence of
activation by using tail-current analysis (Fig. 4 C), which re-
vealed little change in the voltage dependence of activation
compared with KCNQ3 (A315T). Thus, only the presence
of the valine at the 312 position seems not to alter the upre-
gulation of current amplitudes induced by the introduction
of a threonine at the 315 position. Our results show that
a hydrophilic residue at the 312 position dramatically
decreased WT KCNQ3 currents as well as those of
KCNQ3 (A315T), whereas a hydrophobic residue at I312
does not. Hence, a hypothesis would be that the interaction
between the hydroxyl of the threonine and the carbonyl of
all tested residues still exists, but another mechanism
common to WT and (A315T) KCNQ3 channels is respon-
sible for the decrease of currents by substitution of I312
with the charged residues, a mechanism that does not occur
with I312V.Hydrophilic residues at position 273 in KCNQ2
also decrease currents
Given the high degree of sequence similarity between the
pore regions of KCNQ2 and KCNQ3 (Fig. 1 A), including
the critical residues identified in this study, one would
expect similar mechanisms of pore stabilization to apply
to both channels. Thus, we tested the effects of mutation
of the conserved isoleucine at the analogous 273 position
of KCNQ2. As for KCNQ3, replacement of I273 with the
hydrophobic valine had no effect on homomeric current
amplitudes. However, substitution of I273 with a glutamate,
a lysine, or an arginine sharply reduced them (Fig. 5 A), in
parallel with the effects of such hydrophilic substitutions
seen for I312 in KCNQ3. For KCNQ2 WT, (I273V),
(I273E), (I273K), and (I273R), the current densities were
28.4 5 5.1 pA/pF (n ¼ 10), 25.3 5 3.0 pA/pF (n ¼ 7),
5.8 5 0.4 pA/pF (n ¼ 7, p < 0.01), 6.1 5 0.7 pA/pF
(n ¼ 7, p < 0.01), and 6 5 1 pA/pF (n ¼ 7, p < 0.01),
respectively (Fig. 5 B). These results suggest that the mech-
anisms of pore stabilization likely apply generally to the
family of KCNQ channels, and not just KCNQ3 specifically.Structural homology modeling of the pore region
suggests that a hydrophilic residue stabilizes the
SF in a nonconductive conformation
To gain insight into the possible structural mechanism re-
vealed by our mutagenesis of I312 of either KCNQ3 WTBiophysical Journal 102(11) 2489–2498
FIGURE 5 Effects of I273 mutations on homomeric KCNQ2 currents.
(A) Representative perforated patch-clamp recordings from cells trans-
fected with WT or mutant KCNQ2 channels. The pulse protocol used is
as described in Fig. 1. (B) Bars show summarized current densities at
60 mV for the indicated channels (n ¼ 7–10; **p < 0.01).
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the region around the pore of WTand mutant KCNQ3 chan-
nels using the solved crystal structure of the bacterial
voltage-gated Kþ channel, KvAP (20), as a template. We
chose KvAP as our primary template for our modeling,
instead of KcsA, because it has the most conserved
sequence similarity with KCNQ3 in the region between
S5 and S6. Fig. 6 shows the full network of predicted
Hþ-bonding interactions within and between the pore helix
and the SF of WT and mutant KCNQ3 channels studied
in this work. We focused our attention on two potentially
critical hotspots. The first is at the lower part of the pore
helix and the SF, the locus where we have hypothesizedBiophysical Journal 102(11) 2489–2498that the A315T/S mutations exert their stabilizing effect.
However, the homology model predicts that none of the
mutants will affect interactions between the lower pore helix
and the lower SF (Fig. 6, bottom insets).
The second hotspot is a network of interactions between
the pore helix and the top of the SF. Cordero-Morales
and co-workers (13) showed that a carboxyl-carboxylate
interaction between D80 and E71 (D321 and I312 in
KCNQ3), highlighted by the high-resolution structure of
KcsA (21), was eliminated by the replacement of a hydro-
philic residue by a hydrophobic one at position 71
(E71A). This substitution led to the reorientation of D80,
destabilizing interactions between D80 and W67 (W308 in
KCNQ3) and D80 and E71 (13). Our homology modeling
of KCNQ3 does not predict a destabilization of interactions
between D321 and W308 by any of the I312 mutations
studied. For WT KCNQ3, I312E, I312K, I312R, and
I312V, the predicted distances between D321 and W308
are 2.93 A˚, 2.89 A˚, 3.19 A˚, 2.91 A˚, and 2.92 A˚, respectively
(Fig. 6, top insets). The interaction between the oxygen
atom of D321 and the nitrogen in the aromatic ring of
W308 predicted in WT KCNQ3 channels is still present in
all KCNQ3 mutant 312 channels. However, another network
of interactions between the pore helix and the top of the SF
is predicted in KCNQ3 mutants that have a hydrophilic
residue at position 312 (I312E, I312K, and I312R). The pre-
dicted structure of I312E shows Hþ-bonds between an
oxygen of E312 and the nitrogen of G320 (Fig. 6 C), and
that of I312K reveals an Hþ-bond between a nitrogen of
K312 and the nitrogen of G320 and with one of K322
(Fig. 6 D). Finally, for the I312R mutant, an interaction is
predicted to occur between a nitrogen of R312 and an
oxygen of K322 (Fig. 6 E). This network of interactions
between the pore helix and the top of the SF is predicted
to be wholly absent in WT and I312V channels. Thus,
the modeling suggests that a hydrophilic residue at theFIGURE 6 Comparison of the structure of the
SF region of WT and KCNQ3 mutants predicted
by homology modeling and the predicted Hþ-
bonding networks within the pore region. Shown
are the predicted structures and the Hþ-bonds
within and between the pore helix and the SF.
The predicted distances (A˚) between donor and
acceptor for each bond are indicated. In the inset
are shown expanded views (rotated by 180) of
the predicted interactions between the top of the
SF and the pore helix (top), and the mini-network
of predicted interactions between the GIT of the
SF and the pore helix (bottom), in the area around
I312.
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teracting with the top of the SF, in similarity to the mecha-
nism of pore destabilization suggested for KcsA channels.
The SF of KcsA has five known sites of permeant ion
occupancy (21). An examination of analogous residues in
KCNQ3 indicates that the distance between G320 of each
subunit is critical for the first ion-binding site (S1). Indeed,
several studies have suggested that a nonconductive confor-
mation of Kþ channels is due to a constriction of the SF at
the level of the S1 binding site (14,22,23). In addition, Y319
in KCNQ3 corresponds to the residue that is known to partly
coordinate the second ion-binding site (S2) of the SF in
KcsA (24), which is hypothesized to collapse in the absence
of permeant ions (25,26). Consequently, we also examined
whether the I312 mutations affected the distance between
diagonally opposing residues in the SF (Table S1). The pre-
dicted distances between the carbonyls of GYGI residues
from diagonally facing subunits in WT and mutant
KCNQ3 show that the distance between opposing Y319 is
not modified by any of the substituted residues at the 312
position, whereas that between opposing G320 carbonyls
decreases from 6.92 A˚ in WT KCNQ3 to 5.9 A˚ and
6.01 A˚ in KCNQ3 (I312K) and KCNQ3 (I312R), respec-
tively. These predictions suggest a constriction of the SF
at the level of the S1 binding site induced by hydrophilic
substitutions at I312. However, the I312E mutation, which
strongly decreased KCNQ3 currents, is not predicted to
affect the distance between opposing G320 carbonyls.
This distance is smaller than that of WT KCNQ3
(6.74 A˚), but similar to that of KCNQ3 (I312V) (6.71 A˚),
which had no effect on KCNQ3 homomeric currents.
Thus, we conclude that the shortened distance at the level
of S1 binding site is not the critical factor implicated in
the effect of the 312 mutations; rather, it is more likely a re-
arrangement of the SF structure due to Hþ-bonds between
the pore helix and the top of the SF.
Given the parallels that we suggest here between the
mechanisms governing pore stability in KCNQ3 andKcsA, we repeated the modeling described above using
the pore structure of KcsA (21) instead of the pore of
KvAP as a template. The results of the KcsA model are
similar to those obtained using KvAP, including a parallel
predicted network of interactions between the pore helix
and the top of the SF for the I312 KCNQ3 hydrophilic
mutants (I312E, I312K, and I312R), but not for KCNQ3
WT or (I312V) (Fig. S2, A and B, top insets). For the
I312E mutant, the KcsA-based model predicts Hþ-bonds
between an oxygen of E312 and a nitrogen atom of Y319,
instead of G320 (Fig. S2 C, top inset). The predicted struc-
ture of I312K in the KcsA-based model predicts an Hþ-bond
between a nitrogen of K312 and a nitrogen of K322,
whereas that of I312R predicts an Hþ-bond between the
nitrogen of R312 and an oxygen of K322 (Fig. S2, D and
E, top insets). Thus, using either the pore of KvAP or that
of KcsA as a template, hydrophilic residues at the 312
position of KCNQ3 are predicted to interact with the top
of the SF, which we suggest causes destabilization of the
pore and nonfunctional channels.
Interestingly, the same hydrophilic substitutions at the
312 position that dramatically decreased WT KCNQ3
current densities also strongly reduced those of the normally
high-expressing A315T mutant current. As for the WT
KCNQ3 channels, substitution of a hydrophobic residue
had no effect on A315T current amplitudes, suggesting
that a common structural mechanism is involved in the
decrease of KCNQ3 WT and (A315T) currents. To investi-
gate this hypothesis, we performed further homology
modeling for the KCNQ3 mutant (A315T) and all double
mutants (I312-A315T), as we did for the I312 mutants of
WT KCNQ3, using the pore of KvAP as template. We
examined the structure of the pore helix and the SF in the
two hotspots described above. The predicted structure
shows that Hþ-bonds between the carbonyl of the residue
at the 312 position and the hydroxyl group of the threonine
at the 315 position, and also with nitrogen of G318, are still
present regardless of the residue at the 312 position (Fig. 7,FIGURE 7 Comparison of the structure of the
SF region of KCNQ3 mutant (A315T) in the
absence or presence of mutations at the 312 posi-
tions, predicted by homology modeling and the
predicted Hþ-bonding networks within the pore
region. Shown are the predicted structures and
the Hþ-bonds within and between the pore helix
and the SF. The predicted distances (A˚) between
donor and acceptor for each bond are indicated.
In the inset are shown expanded views (rotated
by 180) of the predicted interactions between
the top of the SF and the pore helix (top),
and the mini-network of predicted interactions
between the GIT of the SF and the pore helix
(bottom), in the area around I312 and T315.
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2496 Choveau et al.bottom insets). Again, none of the 312 mutations are pre-
dicted to disrupt the interactions between the pore helix
(D321 and I312) and W308 (Fig. 7, top insets). Finally, as
for the I312 mutants in the KCNQ3 WT background, there
are predicted new interactions for the hydrophilic I312
mutants in the A15T background between the pore helix
and the top of the SF, involving the same Hþ-bonds as those
described for KCNQ3 (I312E), (I312K), and (I312R)
(Fig. 7, C–E). For all of the mutants in the A315T back-
ground, there is an additional Hþ-bond predicted between
I312 and I317, which is likely not important.
We also determined the predicted distances between the
diagonally opposing residues in the SF (Table S2). As for
the KCNQ3 WT channels, the distance between opposing
Y319 is not modified in the presence of a hydrophilic
residue at the 312 position, whereas that between opposing
G320 is shortened. However, that distance is also reduced by
a hydrophobic residue at this position (V312; Table S2),
which had no effect on KCNQ3 A315T currents. This rein-
forces the proposition that a rearrangement of the SF struc-
ture underlies the effects seen here, rather than a constriction
of the SF at the level of the S1 binding site. These models
suggest that a common mechanism affects KCNQ3 WT as
well as KCNQ3 (A315T) homomers. We conclude that
most KCNQ3 (I312E), (I312K), and (I312R) channels are
in a nonconductive conformation because of a network of
Hþ-bonds between the hydrophilic residue at the 312 posi-
tion in the pore helix and the top of the SF, both for WT
KCNQ3 and for the normally high-expressing (A315T)
mutant.DISCUSSION
The work presented here supports the view that the pore
region is critical for governing KCNQ3 current amplitudes.
Consistent with this notion, replacement of a hydrophobic
residue (an isoleucine in WT KCNQ3) with a charged
hydrophilic residue (glutamate, arginine, or lysine) at the
312 position, in the pore helix, strongly decreased
KCNQ3 homomeric current amplitudes. In contrast, substi-
tution to a smaller hydrophobic residue, a valine, produced
a Kþ current similar to that of WT KCNQ3 channels.
Similar effects of these residues were observed when they
were coexpressed with WT KCNQ2, and also in the
KCNQ3 (A315T) mutant that boosts KCNQ3 homomeric
current densities by ~15-fold. We previously suggested
that a threonine or serine at the 315 position stabilizes the
SF in a conductive conformation by the creation of a network
of Hþ-bonds around I312. Without this stabilization, the SF
is predicted to be unstable and likely to collapse (6). This
hypothesis suggests that I312 is critical for the pore stability
of KCNQ3 channels, both for WT KCNQ3 and for the
A315T mutant. Thus, we investigated the effects of diverse
mutations at that residue. We found that substitution of I312
by any charged hydrophilic residue nearly abolished theBiophysical Journal 102(11) 2489–2498currents of both WT and KCNQ3 (A315T) homomers, and
reduced the currents of KCNQ2/3 heteromers, whereas
substitution of a valine had no effect. None of the mutations
exerted any significant effect on voltage dependence, and
TIRF measurements revealed only small differences in
surface expression among the channels, which cannot
explain the vast differences in macroscopic current ampli-
tudes. Similar effects were seen for the conserved I273
residue in KCNQ2, suggesting conserved mechanisms of
pore stability among KCNQ channels (and likely Kþ chan-
nels in general).
Our homology modeling is predicated on the likely
similar structural mechanisms by which the pores of Kþ
channels work in organisms ranging from prokaryotes to
mammals, although we acknowledge that there may be
salient differences among their pore functions. However,
a study that specifically compared the molecular interac-
tions underlying structural mechanisms of the pore regions
of KcsA and Kv1.2 (Shaker) found them to be highly
congruent (27). Our modeling suggests that a common
feature of the hydrophilic I312E, I312K, and I312R, but
not the hydrophobic I312V, substitutions is the induced
presence of interactions between these substituted residues
at the 312 position and Y319, G320, and D321 at the top
(extracellular side) of the SF. Could such interactions lock
channels in a nonconductive conformation and make most
KCNQ3 homomers dormant? Several studies are consistent
with this idea. The high-resolution structure of the KcsA SF
and mutagenesis studies have shown that the stability of
the SF is modulated by a series of interactions, including
Hþ-bonds between residues W67 and E71 in the pore helix
and D80 at the top of the SF (13,14,21). Disruption of at
least one of these interactions relieved a type of inactivation
likened to C-type in Shaker channels, stabilizing KcsA
channels in a conductive conformation (13,14). We suggest
that an equivalent mechanism controls KCNQ3 pore
stability, although the effects of WT and mutant residues
at the 71/312 position are reversed. Thus, KcsA has a gluta-
mate at the 71 position, resulting in interactions between the
pore helix and the top of the SF in WT channels, whereas
KCNQ3 has an isoleucine at the analogous 312 position,
precluding this interaction in WT channels. Substitution of
E71 to I or V in KcsA prevents those interactions (13,15),
in similarity to the absence of this interaction in WT
KCNQ3 and in the I312V mutant. Thus, although the partic-
ular residues between KcsA and KCNQ3 channels differ, we
suggest that they share a common structural mechanism
whereby the presence of interactions between the pore helix
and the top of the SF destabilizes the pore, and their absence
promotes pore stability.
Several studies reinforce this correlation for Kþ channels
in general. The E71-D80 interaction in KcsA is absent in
almost all Kv channels. Most of these channels possess a
valine or an isoleucine, as does KCNQ3, in the position
equivalent to E71 in KcsA, which is thus unable to engage
Pore Rearrangements in KCNQ3 Channels 2497in a direct interaction with the residue equivalent to D80 in
KcsA. For example, Cordero-Morales and co-workers (14)
tried to recreate this mechanism in KcsA for Kv1.2 chan-
nels, which possess a valine at position 370, analogously
to E71 in KcsA. Thus, replacement of V370 in Kv1.2 with
a hydrophilic glutamate, serine, or histidine promoted
C-type inactivation to varying degrees, or (in the case of
V370H) completely nonfunctional channels. These data
are consistent with Kv function being generally regulated
by interactions between residues in the pore helix and the
top of the SF. Another important interaction at this locus
that seems conserved among Kþ channels and involved in
C-type inactivation occurs between W67 and D80 in
KcsA. The analogous interaction pairs in Shaker, W434,
and D447, and in mammalian Kv1.2 (W366-D379) have
been shown to also interact strongly (27). However, a recent
study showed that disrupting these interactions in both
Shaker and Kv1.2 affected pore stability and altered the
likelihood that channels would be in a nonconductive
conformation (28), although in ways divergent from
KcsA. Indeed, substitution of tryptophan with a phenylala-
nine abolished currents in Shaker and in Kv1.2, whereas
the equivalent mutation in KcsA strongly accelerated
C-type inactivation, which is very modest for both WT
channels. Our homology modeling also predicts an Hþ-bond
between the analogous residues of KCNQ3 (W308-D321),
reinforcing the parallel between KcsA and KCNQ channels.
However, this interaction does not seem to be a key factor
in KCNQ3 stability, because it is predicted to be nearly
identical for WT KCNQ3 and all the mutants analyzed.
This suggests that these pore-helix-SF interactions are
critical for C-type inactivation in KcsA and perhaps
Shaker-type channels as well. However, C-type inactivation
per se is not responsible for the decrease of current densities
observed in the KCNQ3 (I312E), (I312K), and (I312R)
mutants, because we do not observe a time-dependent
decrease in the macroscopic current or a reduction in the
single-channel open probability, which is the hallmark of
an inactivation process. Moreover, C-type inactivation has
been associated with a constriction of the SF at the level
of the S1 binding site, leading to a shortening of the distance
between opposing G320 carbonyls (14,22,23). In our
homology models, we did not observe significant differ-
ences in the distance between opposing facing carbonyls
in the SF that correlated with the current densities of chan-
nels. The I312K and I312R decreased the distance between
opposing G320 carbonyls, but although that distance for the
I312E mutant is not predicted to be significantly decreased,
the currents from I312E were tiny, ruling out classical
C-type inactivation. This conclusion is consistent with our
other classical tests of C-type inactivation in our previous
work (6). However, we suggest that the stability of the
pore of KCNQ3 channels, as for the other Kþ channels dis-
cussed here, is dramatically decreased by interactions
between the pore helix and the top of the SF, which resultsin most such channels being assembled in a nonconductive,
nonfunctional conformation.
The destabilizing effect of interactions between the pore
helix and the top of the SF stands in stark contrast to the
stabilizing effect of such interactions at the bottom (cyto-
plasmic side) of the SF. As discussed above, substitution
of the endogenous alanine at position 315 at the bottom of
the pore helix with a threonine or a serine strongly increases
current densities in a manner that is not involved in increased
expression of channels at the membrane (5,6). We modeled
the effect of the A315T,S mutations as being due to T315 or
S315 inducing a stronger interaction between the I312
studied here and the bottom of the SF, stabilizing KCNQ3
channels in a conductive conformation. Thus, interactions
of the pore helix and the SF have opposite effects on pore
stability, depending on which side of the SF the interaction
occurs. Interestingly, our data showing that the I312K,
I312R, and I312E mutants have equal effects when intro-
duced into the A315T background indicate that the destabi-
lizing effects at the top of the SF are dominant over the
stabilizing effects at the bottom. We postulate that a hydro-
philic residue at the 312 position destabilizes the SF and
locks channels in a nonconductive conformation by interact-
ing with the top of the SF, and this interaction both prevents
WT KCNQ3 from functioning and interferes with normal
channel gating when incorporated with KCNQ2 as hetero-
mers. This action cannot be rescued or overcome by the
stabilizing action of the A315T mutation at the bottom of
the SF. In our companion study to follow, we will explore
a critical effect of interactions between F344 in S6 and the
pore helix, which is also modeled as being critical for pore
stability. Thus, we suggest that differences in these networks
of interactions explain the large variability of current ampli-
tudes throughout KCNQ channels or KCNQ2/3 heteromers,
a variability that is likely critical for the neurophysiological
effect of the different KCNQ channel compositions on
excitable cells in nerve, cardiac tissue, and muscle.SUPPORTING MATERIAL
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